A soluble adenovirus DNA replication system has been prepared in extracts of HeLa cells infected with the temrperature-sensitive mutant HMts125. These nuclear extracts synthesize full-sized viral DNA at 300 but are temperature sensitive in this function at 380. A 72,000-dalton DNA-binding protein purified from cells infected with wild-type virus complements the temperature-sensitive defect and restores viral DNA replication to 74% of normal values. We have recently described the preparation of a nuclear extract from adenovirus (Ad)infected cells that catalyzed the synthesis of viral DNA in a manner analogous to that used in whole cells (1). These extracts, which were free of chromosomal DNA, contained replicating Ad DNA and synthesized full-size viral DNA products. Similar approaches developed in prokaryotes and their infecting bacteriophages have allowed the analysis of various gene products required for DNA initiation and elongation (2) (3) (4) (5) . The general approach has been to prepare extracts from bacterial cell mutants that are temperature sensitive (ts) in DNA synthesis and to use these extracts as a receptor to isolate biochemically complementing activity from wild-type
synthesize full-sized viral DNA at 300 but are temperature sensitive in this function at 380. A 72,000-dalton DNA-binding protein purified from cells infected with wild-type virus complements the temperature-sensitive defect and restores viral DNA replication to 74% of normal values. We have recently described the preparation of a nuclear extract from adenovirus (Ad)infected cells that catalyzed the synthesis of viral DNA in a manner analogous to that used in whole cells (1) . These extracts, which were free of chromosomal DNA, contained replicating Ad DNA and synthesized full-size viral DNA products. Similar approaches developed in prokaryotes and their infecting bacteriophages have allowed the analysis of various gene products required for DNA initiation and elongation (2) (3) (4) (5) . The general approach has been to prepare extracts from bacterial cell mutants that are temperature sensitive (ts) in DNA synthesis and to use these extracts as a receptor to isolate biochemically complementing activity from wild-type (wt) lysates. The template for measuring DNA replication can be a bacteriophage such as lpX174, which requires several host gene products as well as virus-coded proteins (2) . Such DNA synthesis systems can be studied in much greater detail than the considerably larger Escherichia colt DNA. By this fusion of prokaryotic genetics and biochemistry, numerous gene products involved in DNA replication have been characterized and purified (2, 3) . Similar approaches in eukaryotes have had to wait for the development of in vWtro DNA-synthesizing systems which are now available for adenoviruses (1, 6, 7) and papovaviruses (8, 9) . Previous attempts with intact nuclei have been of limited usefulness in this endeavor (10, 11) .
The genetics of DNA synthesis in eukaryotic cells has progressed slowly because of difficulty in obtaining conditionally lethal mutants in this function (12) . However, ts mutants in viral DNA synthesis exist both for adenoviruses (13) and papovaviruses (14) . Temperature-sensitive mutants in Ad DNA synthesis have been studied for Ad5 (15, 16) , Adl2 (17) , and Ad31 (18) . Thus far, three complementation groups have been defined among the various ts Ad DNA negative mutants. The Ad5 ts mutant designated H5ts125 has been best characterized. The mutant gene product is coded by DNA between 62.4 and 67.1% from the left-hand end of the genome (19) . The protein is a 72,000-dalton polypeptide which binds strongly to singlestranded Ad2 DNA (20) . This binding protein (DBP) has been implicated in viral synthesis because it cannot be isolated from H5ts125-infected cells that have either been grown -at nonpermissive temperatures or shifted to these conditions after initially growing at permissive temperatures (21) . The ts DBP made at the permissive temperature has a different temperature coefficient of binding to columns of single-stranded DNA- cellulose from that of wt DBP (21) . In whole cells infected with H5ts125, the defect in Ad DNA synthesis has been reported to be a failure of initiation (22) .
This communication describes the preparation of a soluble nuclear extract of H5tsl25-infected cells and defines the conditions for ts DNA synthesis. The H5ts125 nuclear extract is only thermolabile when incubated at the nonpermissive temperature (380) prior to addition of the deoxynucleotides. Once elongation has started, the system is virtually unaffected by shifting to nonpermissive temperatures. At such temperatures, this thermolabile DNA replication system has been successfully complemented by wt DBP and produced full-size chains of Ad DNA. Since the initiation of new rounds of Ad DNA synthesis probably does not occur to any significant extent in these extracts, it would appear that the ts defect in H5ts125 affects elongation. This functional assay for a gene product in extracts of a virus-infected eukaryotic cell suggests that the prokaryotic approach to dissect the genes involved in DNA synthesis can be applied to animal cells. The methods used to demonstrate that the DBP is the defective gene product can be applied to the isolation of ts products of the other two complementation groups of virus DNA mutants whose function and gene products are presently unknown. Ultimately a similar approach can probably be used to elucidate the function of some of the host genes that function in the synthesis of viral DNA, but the paucity of cell genetics in this vital function makes such an endeavor difficult at present.
MATERIALS AND METHODS
Cells and Viruses. The sources of HeLa cells, Ad2, and Ad5 have been described (23, 24 [3H] dTTP, the other three deoxynucleotides, and ATP that had been warmed to the temperature indicated for the reaction. All radioactive labeling was measured after 120 min. The reaction was stopped by addition of 0.5 ml of 0.2 M NaOH and the acid-precipitable radioactivity incorporated was quantitated. The amount of radioactivity incorporated in 2 hr at 300 without any preincubation has been designated as 100%. This value corresponds to 7.9 pmol for the Ad2 wt and 2.8 pmol for the ts125 nuclear extract. Temperatures (preincubation before reaction temperature): *, 30°a nd 380; 0, both 300; 0, 380 and 300; A, both 380. Ml with DBP where indicated. The reaction was started by the addition of the four dNTPs plus ATP in a volume of 12 Ml. The preincubations and reactions were at either 30' or 38°, as indicated for each experiment. After incubation the reactions were terminated and radioactivity was quantitated (1) .
Purification of DBP. DBP was isolated by a modification of the procedure of Van der Vliet et al. (21) . HeLa cells (3 liters) at 5 X 105 cells per ml were infected with either Ad2 or AdS.
At 2 hr after infection, cytosine arabinoside (10 Mg/ml) and
[asS]methionine (0.2 MCi/ml) were added to the cultures, which contained the normal quantities of unlabeled amino acids present in Joklik's modified Eagle's minimal essential medium (26) . The cells were harvested after a 24-hr incubation at 370, washed twice in phosphate-buffered saline (10 mM phosphate/ 150 mM NaCl, pH 7.0), and frozen at -70°in 10 ml of 20 mM Tris-HCl, pH 7.5/10 mM NaCl/1.5 mM MgCl2/2 mM 2-mercaptoethanol. The cells were thawed and centrifuged for 20 min at 7000 X g in a Beckman angle 40 rotor at 4°. The supernate was removed and brought to 15 mM NaCl/5 mM EDTA/10% glycerol. This material was applied to a 3-ml column of 3% agarose containing alkali-denatured salmon sperm DNA at a concentration of 5.5 mg/ml (27) in 10 mM Tris-HCl, pH 7.5/1 mM EDTA/2 mM 2-mercaptoethanol/10% glycerol/50 mM NaCl. The column was washed with 8 ml of this buffer, followed by approximately 24 ml of the same buffer containing 0.4 M NaCl. The DBP was eluted with 1 M NaCl in the same buffer. Most of the DBP appeared in the next 6 ml, but a second 6 ml aliquot was collected. The 35S labeled protein recovered in the first supernatant after centrifugation of nuclei H5ts125 DBP (channel E) were boiled in the presence of 2% NaDodSO4/1% 2-mercaptoethanol in buffer and electrophoresed at 100 V for 2.5 hr on 10% vertical slab gels containing 0.1% NaDodSO4 until the phenol red dye had reached the bottom of the polyacrylamide slab. Ad2 virion containing 14C-labeled polypeptides was similarly treated and is shown in channels B and F for comparison. Channel A contains the supernate from Ad2-infected cells from which the Ad2 DBP was purified. Roman numerals refer to the nomenclature of virion proteins proposed by Maizel et al. (23) . The purity of the DBP polypeptide was measured by densitometry of the Coomasie blue-stained wet gel on a Transidyne General Corporation scanning densitometer equipped with a digital computing integrator.
and debris varied from 27 to 44%, and the recovery of DBP was 0.45-0.73% of the total radioactivity incorporated into the whole cell. The DBP was concentrated by vacuum dialysis against 25 mM Tris-HCI, pH 7.4/1.5 mM 2-mercaptoethanol/1 mM EDTA (TME buffer) and 10% glycerol and stored at 00 on ice. The H5ts125 DBP was isolated similarly except that the incubation was for 48 hr at 32.50 and the yield of DBP was reduced to 0.22% of the total -5S incorporated into whole cells. For some experiments the wt DBP was further purified by sedimentation on 5-20% sucrose gradients that contained TME buffer and 1 M NaCl both in the sucrose solutions and in the DBP. Two hundred fifty microliters of wt DBP were sedimented on 4.8-ml gradients in polyallomer tubes in the SW 50.1 Beckman rotor for 26 hr at 46,000 rpm. Twenty-nine fractions were collected and the radioactivity was directly quantitated in 20 ,l by scintillation counting. Various fractions of the gradient were pooled and concentrated by vacuum dialysis against TME buffer with 10% glycerol and 1 M NaCl. After concentration, the NaCl was removed by further dialysis against two changes of TME buffer plus 10% glycerol.
Sedimentation Analysis of DNA. DNA from nuclear extracts was analyzed on 5-20% alkaline sucrose gradients without further purification, as described (28) . For sedimentation in neutral gradients, 0.1 ml of reaction mixture was diluted to 0.5 ml with 0.5% sodium dodecyl sulfate (NaDodSO4)/10 mM EDTA/10 mM Tris-HCl, pH 7.5/50mM NaCl. Samples were centrifuged for 16 hr at 12,000 rpm and 25°in the Beckman SW 27.1 rotor on 16-ml gradients of 5-20% sucrose in 10 mM Tris-HCl, pH 8.1/1 mM EDTA/100 mM NaCl/0.5% NaDod-S04 that were formed over 0.5-ml 60% sucrose cushions.
Quantitation and Characterization of Proteins. Protein was determined by the method of Lowry et al. (29) . Polypeptides were characterized on 10% polyacrylamide vertical slab gels containing NaDodSO4 as described (30 
RESULTS
Effect of Temperature on Activity of Nuclear Extracts of Cells Infected with Ad2 wt and H5ts125. Nuclear extracts were prepared from HeLa cells infected with Ad2 and H5ts125. Incubation at various temperatures was used to compare the DNA synthetic activity of wt and ts extracts. The permissive temperature for both extracts was 30°. Optimal inhibition of the ts extracts in relation to preservation of wt activity was achieved at 380. Above 38.5', inhibition of DNA synthesis by wt extracts was extensive. The critical effect of temperature on the infected nuclear extracts was expressed more extensively during preincubation in a mixture lacking the four dNTPS and ATP, rather than after addition of the full reaction mixture which allowed DNA synthesis. The effect of temperature is shown in Fig. 1 , which compares nuclear extracts of Ad2 wt (Fig. 1A) and H5ts125 (Fig. 1B) at various times of preincubation up to 2 hr and a reaction time which was kept constant at 120 min. Both the wt and ts extracts incubated at 300 during the preincubation were very active during the DNA synthesis reaction incubated at either 30°or 380. In contrast, there was greater than 80% inhibition of the ts extract if preincubated at 380 even if the actual elongation was measured at 300. The wt extract was partially inhibited at this temperature. The ratio of inhibition of DNA synthesis in the ts extract compared to similarly treated wt was greatest after a 60min preincubation at 380, and these conditions were used for most of the subsequent experiments. No increase of this ratio could be achieved at 370, and the ts extract was considerably more active when preincubated at 360.
Purification of DBP from Cells Infected with Ad2 wt, Ad5 wt, and H5ts125. Since there is evidence that the 72,000-dalton DBP of H5ts125 is the defective thermolabile gene product (21) , we attempted to complement the ts defect in the H5ts125 nu- clear extract system with DBP isolated from wt as well as ts infections. The DBPs were isolated and the purity was assessed by electrophoresis on 0.1% NaDodSO4/10% polyacrylamide gels. Fig. 2 shows the results of such a purification and compares the proteins present in the supernatant of the original cell extract (channel A) with the purified DBPs from Ad5 wt (channel C), Ad2 wt (channel D), and H5ts125 (channel E). Virion polypeptides are included as molecular weight standards (channels B and F).iThe purity of the three DBPs as measured by densitometry of the Coomasie blue-stained gels was Ad2 wt, 99%, Ad5 wt, 92%, and H5ts125, 70%. Complementation of [3HldTTP Incorporation in Extracts of H5ts125-Infected Cells by Purified wt DBP. In an attempt to correct the defect in DNA synthesis by the H5ts125 nuclear extract after a preincubation at 380 (Fig. 1) , DBP purified from cells infected with Ad5 wt was added immediately before the preincubation. Similarly, the DBP purified from H5ts125-infected cells was tested. The incorporation was measured after 60 min of preincubation with the wt or ts DBP and 2 hr of radioactive labeling. Fig. 3 (20 Ml) was mixed with salts and bovine serum albumin in a final volume of 80 Ml. One reaction was preincubated at 300 and another at 380; the third at 380 included 9.3 Mg of Ad5 wt DBP. After 60 min the reaction was started with 25 Ml of [3H]dTTP, dATP, dCTP, dGTP, and ATP to achieve the same concentration described in Fig. 1 and Materials and Methods. (A) Reaction was terminated at 120 min by addition of 0.4 ml of 0.1 M EDTA/0.15 NaCl at 00. After removal of 0.1 ml for quantitation of radioactivity incorporated, the remaining 0.4 ml were placed onto 5-20% alkaline sucrose gradients and centrifuged for 16 hr at 24,000 rpm in the SW27.1 rotor. The gradient containing the 300 fraction mixture also contained 6700 cpm of Ad2 [14C]DNA added in the form of virion before centrifugation. The gradients were fractionated and the radioactivity was quantitated as described (1) . Arrow represents the position of 34S Ad2 [14C]DNA marker. Recoveries of radioactivity were 72% for the 30°r eaction, 76% for the 380 reaction, and 82% for the 380 reaction with DBP; the pellets of these gradients contained 2100, 2535, and 4753 cpm, respectively. In each panel the tops of the gradients are to the right: *, 30°; 0, 38°; *, 380 with wt dbp. (B) Identical reactions were incubated and the labeling was stopped in 0.4 ml of 0.5% NaDodSO4/10 mM EDTA/50 mM NaCl/10 mM Tris-HCl, pH 7. 4. An aliquot (0.4 ml) was placed on neutral sucrose gradients containing 0.5% NaDodSO4 and sedimented for 16 hr at 12,000 rpm and 250. The gradients were similarly processed for acid-insoluble radioactivity. Arrow indicates the position of the 31S Ad2 [14C]DNA marker. Recoveries of radioactivity were 44% for the 300 and 380 reaction and 45% for the 380 reaction with DBP; the pellets of these gradients contained 6093, 665, and 6764 cpm, respectively.
When the [s5S]methionine-labeled wt DBP was further purified on sucrose gradients, the radioactivity sedimented as a 4.7S peak, with albumin (4.4 S) and myoglobin (2.0 S) as reference proteins (Fig. 4) . 4AII the DBP activity that enhanced DNA synthesis in the ts nuclear extracts coincided with the radioactive peak (Fig. 4, pool B) .
Characterization of DNA Synthesized by H5ts125 Extracts Alone and in the Presence of wt DBP. The size and amount of DNA synthesized in the ts125 nuclear extracts at permissive (300) and nonpermissive (380) temperatures were measured as well as the effect of Ad5 wt DBP on DNA synthesis at 38'. Centrifugation of reaction products on alkaline sucrose gradients (Fig. 5A) showed full-size, single-stranded DNA chains synthesized at 300; however, products formed at 380 were markedly reduced. The addition of wt DBP at 38°results in a significant increase of radioactivity in the region of full-size DNA (34 S).
The size of the DNA synthesized in the ts nuclear extracts under identical conditions of incubation was measured without denaturation of the DNA. Neutral sucrose gradients in the presence of 0.5% NaDodSO4 were used for these analyses. Fig (22, 31) . Van der Vliet et al. observed that the apparent rate of elongation of Ad DNA was normal after shift to nonpermissive temperature even though the amount of synthesis was reduced by greater than 80%. In addition, DNA synthesis did not stop immediately upon shift to nonpermissive temperature as expected for an elongation mutant. This indicated completion of rounds of replication at the nonpermissive temperature. In contrast, other evidence for a role of DBP during elongation has come from experiments with antibody to DBP which was used in experiments with whole infected nuclei (31) and with nuclear extracts (32) . In both systems, DNA synthesis was reduced approximately 50% by antibody against DBP, and in neither system are there significant numbers of new rounds of Ad DNA initiated. DNA synthesis in nuclear extracts of H5ts125 described here were clearly thermolabile only when temperature shifts were done at conditions that did not allow elongation. During elongation, the H5ts125 DBP was protected against inactivation for at least 2 hr. Since the whole cell experiments measured the effects of elevated temperature on the ts DBP during elongation conditions, any similar stabilization during elongation in whole cells would mimic an initiation defect. Perhaps reversible inhibitors of DNA elongation would also remove the DBP in whole cells and allow the thermolability of the 72,000-dalton protein to be expressed. Since the soluble extract system did not effectively initiate new rounds of DNA replication, we cannot rule out an additional effect of the DBP on initiation.
If H5ts125 was incubated at nonpermissive conditions and the wt DBP added 60 min later, the thermolabile defect of the lysate was not corrected. The Ad DNA template was not degraded during this incubation (personal observations) but some other, as yet, irreversible change in the extract had occurred. These conditions may have unmasked another thermolabile factor present in the wt lysate which required intact DBP for its functional integrity. Another possible explanation is that the absence of functional DBP caused a configurational change of the DNA replication complex which excluded the subsequent entry of wt DBP. There was evidence that the structure of the replication complex at 300 was different from that at 380 even in the presence of wt DBP added before the incubation, for the sedimentation of these complexes was different in neutral gradients containing 1 M NaCl instead of NaDodSO4.
Functional DBP has been further purified by sucrose gradient centrifugation in which the DBP sediments as a monomer polypeptide. Sodium deoxycholate (0.5%), used by others (33) to improve purification and recovery, inactivated the function of DBP. The DBP was stable in the presence of Nonidet P-40 (1%), but this detergent did not improve recovery. The molar ratio of wt DBP added per DNA molecule for maximum elongation activity was approximately 100:1. The size of the DBP purified in our experiments was exclusively 72,000 daltons. The 45,000-dalton cleavage product has not been seen to the extent reported by others using DNA-cellulose columns (21 
